Bacterial chondronecrosis with osteomyelitis (BCO) is a leading cause of lameness in broilers. Infrared thermography (IRT) is a noninvasive technique for measuring infrared radiation from an object and can be used to evaluate clinical health. Two replicated studies compared the effect of light intensity on broilers grown on a wire flooring model that experimentally increased their susceptibility to and incidence of BCO lameness. Day-of-hatch male broiler chickens were placed into 6 pens on wood shavings litter, and at 1 wk one of 3 light intensity treatments (2, 5, or 10 lux) was allotted. At 4 wk half of the population from each pen was moved to a pen with wire flooring and the same light intensity. At 1, 4, 5, and 8 wk, an IRT image of the legs of 5 clinically healthy broilers from each pen was taken. The right and left proximal femora and tibiae of sound and lame broilers were scored for femoral head necrosis (FHN) and tibial head necrosis (THN) lesion severity. There were minimal effects of light intensity and flooring. In Study 1, but not Study 2, broilers on wire flooring weighed less on day 38 (P = 0.007) and days 57 to 58 (P = 0.003) compared to those on litter. The proportion of broilers that became lame on wire flooring was 52% in Study 1 and 14% in Study 2. The proportion of sound broilers from litter and wire flooring pens with subclinical signs of BCO in their right or left proximal growth plates was over 45% for FHN and 92% for THN, and lame broilers had more severe (P < 0.0001) FHN and THN compared to sound broilers. IRT surface temperatures of the hock joint, shank, and foot were consistently lower (P < 0.0001) in broilers that became lame when compared to sound. Therefore, IRT surface temperatures of broiler leg regions may be useful for detecting lesions attributed to BCO.
INTRODUCTION
Lameness has been reported to affect up to 1% of all market weight broilers (McNamee and Smyth, 2000; Wideman, 2016) and bacterial chondronecrosis with osteomyelitis (BCO) is a leading cause. Broilers can become lame from noninfectious and infectious origins (Gentle, 2011) . Bacterial chondronecrosis with osteomyelitis is a bacterial infection of the growth plates in the leg bones, leading to necrosis and eventually lameness (Wideman , 2016 . The etiology of BCO is unknown and lameness incidence C 2018 Poultry Science Association Inc. Received August 25, 2018. Accepted October 31, 2018. To be submitted to the Animal Well-Being and Behavior Section of Poultry Science.
1 Corresponding author: slweimer@purdue.edu attributable to BCO in commercial flocks is spontaneous (Wideman, 2016) . The mechanical stress of walking may create microfractures in the proximal growth plates of the femora and tibiae, thereby creating wound sites that are conducive for hematogenous bacterial colonization (Wideman et al., 2015; Wideman, 2016) . As with all pathogenic colonization, BCO lesions result in inflammation, pain, consequently stress and lameness, and is therefore a major welfare issue, particularly when the bird cannot reach feed and water. Lighting programs can significantly impact broiler production and welfare. Specifically, light intensity may affect bird activity, time spent walking (Newberry et al., 1988; Alvino et al., 2009; Deep et al., 2012; Rault et al., 2017) , and subsequently leg health. Deep et al. (2013) found that increasing light intensity from 0.1 to 5 lux lead to an increase in body weight (BW) gain, while others have found no effect of light intensity on production (0.1 to 1 lux in Lien et al., 2007;  50 to 200 lux in Fidan et al., 2015) . Some studies have found no differences in the gait scores (GS) of broilers under different light intensities (Kristensen et al., 2006; Deep et al., 2013) , while Blatchford et al. (2012) found broilers under 200 lux had better GS than broilers under 1 lux. The explicit impact of light intensity on broiler leg health remains nebulous. The National Chicken Council broiler welfare guidelines have established 5 lux as the minimum light intensity for raising broilers in the U.S. (NCC, 2014) . However, further research may be needed to establish an optimal light intensity that promotes optimal overall welfare in broilers.
Infrared thermography (IRT) is a noninvasive, noncontact method of determining the infrared radiation, or surface heat, from an object (Eddy et al., 2001) . While IRT cannot determine specific pathologies, it can detect localized areas of increased heat production due to inflammation or decreased heat production due to reduced blood flow (Eddy et al., 2001 ). The IRT methodology has been utilized in over 30 species of birds for over 50 yr (McCafferty, 2013) . Noninvasive biological applications of IRT in domestic chickens include measures of metabolic heat production (Zhou et al., 1999; Nääs et al., 2010; Ferreira et al., 2011; Yahav and Giloh, 2012) , footpad dermatitis (Wilcox et al., 2009; Jacob et al., 2016) , and handling stress (Edgar et al., 2013; Moe et al., 2017) . However, to the best of our knowledge no previous studies have utilized IRT to evaluate lameness in broilers, although this approach has been used in dairy cattle (Nikkhah et al., 2005; Stokes et al., 2012; Oikonomou et al., 2014) , swine (Amezcua et al., 2014) , and horses (Turner, 1991; Eddy, 2001; Douthit et al., 2014) .
It was our hypothesis that changes in IRT surface temperatures at key locations of the legs would allow the detection of BCO noninvasively. We utilized a wire flooring model to experimentally induce higher incidences of BCO lameness than what commonly occurs under commercial conditions of broiler production without purposefully exposing them to pathogenic bacteria (Gilley et al., 2014; Wideman et al., , 2013 Wideman et al., , 2015 . The wire flooring creates an unstable walking surface that increases shear stress and mechanical torque on the growth plates in leg bones, thereby exacerbating BCO and the incidence of lameness (Wideman et al., , 2015 .
The present studies evaluated the effect of 3 light intensities (2, 5, and 10 lux) and 2 flooring types (litter and wire) on IRT surface temperatures measured in the hock joints, shanks, and feet of broiler chickens. Leg surface temperatures were measured from IRT images taken pre-mortem and compared to corresponding proximal femoral and tibial head BCO lesion severity scores taken post-mortem in both clinically healthy (sound) and lame broilers. The studies also allowed determination of any effects of lameness on leg surface temperatures.
MATERIALS AND METHODS

Animals and Facility
Male Cobb 500 broiler chicks (720) were obtained from a commercial hatchery (Cobb-Vantress, Fayetteville, AR) and randomly placed into six 1.5 m wide × 3 m long pens (120 chicks per pen) in separate environmental chambers (1 pen per chamber) on clean wood shavings litter at the Poultry Environmental Research Laboratory at the University of Arkansas Poultry Research Farm. All procedures were approved by the University of Arkansas Institutional Animal Care and Use Committee (IACUC #16014). Birds had ad libitum access to feed and water provided by tube feeders and nipple drinkers, respectively. Diets were formulated to meet the nutritional specifications outlined in the Cobb 500 broiler performance and nutrition management guide (Cobb-Vantress, 2015) . A crumbled commercial starter diet was provided until day 28 when birds were switched to a pelleted commercial finisher diet. The photoperiod was 23L:1D for days 0 to 4; 20L:4D for days 5 to 14, and 18L:6D from day 15 through the end of trial. The temperature for each pen was set at 33
• C for days 0 to 3, 30
• C for days 4 to 7, 26
• C for days 8 to 14, and 24
• C for day 15 through the end of trial. Ambient temperatures of each pen were measured with a thermometer (TM99A Thermistor Temperature Instrument, Cooper Atkins, Middlefield, CT) and an infrared thermometer (IRT657, General Tools & Instruments LLC, Secaucus, NY). Study 1 was conducted from September to November 2015 and Study 2 was conducted from April to June 2016.
Experimental Design
Studies followed a 3 × 2 split plot design with a pen as the experimental unit. Light intensity was the main plot factor and one of 3 light intensities (2, 5, and 10 lux) from incandescent light bulbs was applied to 6 pens with litter flooring (2 pens per light intensity) on day 8 in Study 1 and day 7 in Study 2. The light intensity prior to the onset of the light intensity treatments was 20 lux. The subplot factor was flooring type (litter or wire) and was applied on day 29 in Study 1 and day 28 in Study 2. Light intensity was measured daily with a digital light meter at bird height in each pen (Model LT300, Extech, Nashua, NH). Density was reduced to 105 clinically healthy chicks per pen on day 14. The rationale behind culling at this time was because previous work revealed macroscopic evidence of BCO in runts and culls during the first 2 wk and to assure pen stocking densities were uniform to eliminate stocking density effects from previous mortalities on the lameness incidence of the remaining chicks. Chicks were assessed by visual observation and were culled on day 14 if they had a defect in walking ability (GS of 1 to 5; adapted from Weeks et al., 2000) or had a markedly smaller body size compared to their pen mates. On day 29 in Study 1 and day 28 in Study 2, half of the population (N = 50 birds) from each litter pen (6 pens) was moved to a separate pen with wire flooring (6 pens). The wire flooring pens had the same dimensions, density, and light intensity as the source litter pens. To account for the stress of handling and introduction to a novel pen, each litter flooring pen was randomly reassigned to a new litter flooring pen with the same light intensity. Thus, there were 12 total pens with 2 replicates for each light intensity and flooring treatment combination. Wire flooring panels were elevated 30 cm high on concrete blocks and consisted of hardwire cloth (1.3 × 2.54 cm mesh, 0.063-guage galvanized welded wire cloth; Direct Metals, Kennesaw, GA) attached to 5 × 5 cm lumber 1.5 m wide by 3 m long.
Pre-mortem Data Collection
Thermal images were taken of the legs of 5 randomly selected broilers from each pen on days 7 (6 pens), 9 (6 pens), 28 (6 pens), 30 (12 pens), 38 (12 pens), and 56 (12 pens) in Study 1, and days 6 (6 pens), 8 (6 pens), 27 (6 pens), 29 (12 pens), 40 (12 pens), and 55 (12 pens) in Study 2.
Thermal images were taken with an IRT camera (Fluke Ti400, Fluke, Everett, WA). The camera background temperature was 22
• C, emissivity was 0.95 and transmission was 100%. The focal distance was 3.3 to 3.6 m. IRT images were uploaded on a computer and analyzed using SmartView (v 2.8) software. Each individual pixel (76,800 total) within the thermal image had an associated temperature recorded. Within each IRT leg image, shapes were made to isolate pixels representing the surface temperatures of the right and left hock joints (A; intertarsal joint; distal tibiotarsus and proximal tarsometatarsus), shanks (B; tarsometatarsus), and feet (C; metatarsus and phalanges; Figure 1 ). The average of the pixel temperatures isolated within each shape of the right and left leg regions were recorded and used in all subsequent temperature calculations.
Post-Mortem Data Collection
Birds were humanely euthanized via cervical dislocation; BW was recorded (final weights were recorded on days 57 and 58 in Study 1 and on days 56 and 57 in Study 2) and leg bones were scored for femoral head necrosis (FHN) and tibial head necrosis (THN).
The severity of the BCO lesions formed in the right and left proximal femoral and tibial head were assessed macroscopically. The scoring scheme was a modified version of methods described previously Wideman et al., , 2013 Gilley et al., 2014) . Femoral head necrosis lesion severity was scored on a scale of 0 to 3 with the following categories: 0-no abnormalities of the proximal femoral head (normal); 1-proximal femoral head separation (epiphyseolysis); 2-proximal femoral head transitional degeneration; and 3-proximal FHN. Tibial head necrosis lesion severity was also macroscopically scored on a scale of 0 to 3 in the following categories: 0-no abnormalities of the proximal tibia (normal); 1-mild proximal THN; 2-severe tibial head necrosis; and 3-caseous THN.
Lameness Data Collection
Beginning on day 29 until day 58 in Study 1 and day 28 until day 57 in Study 2, broilers in all pens were observed daily for walking ability, abnormal gait, and lameness. The walking ability and gait of each bird was evaluated using a modified GS system described in Weeks et al. (2000) . Each bird was visually scored on a binomial GS scale where a bird was scored as 0 if a slight, definite, obvious or no gait abnormality was detected (GS 0 to 3 in Weeks et al., 2000) or was scored as 1 if a severe gait defect was detected and the bird could not take more than 3 steps without gentle coaxing, used wing tips for support to stand, or could not walk at all (GS 4 and 5 in Weeks et al., 2000) . Lame broilers were removed when the onset of lameness was observed; a thermal image of their legs was taken and leg bones were scored for FHN and THN.
Statistical Analysis
The studies followed a 3 × 2 split plot design with a pen as the experimental unit. The main plot factor was ight intensity (2, 5 and 10 lux) and the subplot factor was flooring type (litter or wire). Table 1 . Effect of light intensity and flooring type on broiler body weight (BW, g). Data shown as mean BW of birds in pens provided 2, 5, or 10 lux light intensity with litter or wire flooring at 1, 4, 5, and 8 wk in 2 studies (N = 2 pens per study). 1 Flooring treatments were litter in all pens until day 29 in Study 1 and day 28 in Study 2 when half of the population from each litter pen (N = 50 birds) was moved to a wire flooring pen with the same light intensity as the corresponding source litter pen.
2 Light intensities in all pens were 20 lux from day 0 to 7 in Study 1 and day 6 in Study 2 and 2, 5, or 10 lux from day 8 in Study 1 and day 7 in Study 2 until the end of the trial.
3 Final BW was recorded on day 57 and 58 in Study 1 and day 56 and 57 in Study 2. 4 Standard errors (SEM) and P values represent the main effects of light intensity (L) and flooring type (F) and the interaction of light intensity and flooring type (L * F). a-c Means not sharing the same superscript letter across each row are different, P < 0.05.
Study 1 and Study 2 were statistically analyzed separately using JMP software (version 13, SAS Institute Inc., Cary, NC), with the pen as the experimental unit. Studies were analyzed separately because when study was included as a fixed variable in the model, the study accounted for most of the variation. Data distribution was confirmed to be normal using the JMP distribution histogram platform. To allow for linear regression analysis, BCO lesion severity scores were evaluated as continuous data.
Separate mixed models were used to determine the main effects of age, leg region, and health status (sound vs. lame) on both leg IRT surface temperatures and BCO severity. The IRT surface temperature averages of the right and left hock joint, shanks, and feet were averaged for data analysis. The left and right scores for FHN and THN were summed for data analysis, creating a score range of 0 to 6 per bird. A Total Necrosis (Total N) score was created by summing FHN + THN for a range of 0 to 12 for both legs.
The mixed model to analyze the effect of light intensity on BW and IRT leg surface temperatures included the fixed effect of light intensity and the random effect of pen for days 7, 9, and 28 in Study 1 and days 6, 8, and 27 in Study 2. The split-plot mixed model to analyze the effects of light intensity, flooring treatment and their interaction on BW, IRT leg surface temperatures and BCO severity included the fixed effects of light intensity, flooring type and their interaction with a random effect of pen for days 30, 38, and 57 to 58 in Study 1 and days 29, 40, and 56 to 57 in Study 2.
Significant means were separated post hoc with LSMeans (1 main effect) or with Tukey's HSD (2 main effects) where appropriate. A chi-square analysis was performed to analyze the effects of light intensity on the proportion of broilers that became lame. Linear regression models were run on individuals to evaluate the relationship between the degree of BCO severity and IRT leg surface temperatures. Data were considered significant at P ≤ 0.05. Table 1 shows the effect of light intensity, flooring type, and their interaction on BW. There were no consistent effects of light intensity on BW in either study. In Study 1, broilers weighed more (P = 0.05) at 2 lux compared to 5 and 10 lux on day 30. In Study 1, but not Study 2, broilers on wire flooring weighed less on day 38 (P = 0.007) and on days 57 to 58 (P = 0.003) compared to those on litter (2,488 vs. 2,701 g on day 30 and 3,959 g vs. 4,772 g on days 57 to 58, respectively).
RESULTS
Light Intensity, Flooring Type Effects
On IRT Leg Surface Temperatures Table 2 summarizes the effect of light intensity and flooring type and their interaction on mean right and left hock, shank, and foot IRT surface temperatures. On day 30 in Study 1, the IRT surface temperatures were elevated in broilers on wire flooring by 1.16
• C for the shank (P = 0.006) and 2.41
• C for the foot (P = 0.01) compared to those on litter. There were no Table 2 . Effect of light intensity and flooring type on the surface temperatures (
• C) of the left and right hock, shank, and foot of broilers at 4, 5, and 8 wk in pens provided 2, 5, or 10 lux light intensity with either litter or wire flooring in 2 studies (N = 2 pens per study). light intensity or flooring type effects at later ages in either study. On BCO Lesion Severity There were no consistent effects of light intensity, flooring type, or their interaction on BCO lesion severity (Table 3 ). The only difference in either study was a light intensity effect on days 57 to 58 in Study 1, where broilers at 10 lux had higher THN lesion severities (P = 0.03) compared to 2 lux (3.6 vs. 2.75, respectively). The proportion of all healthy, sound broilers with any macroscopic sign of BCO (a score higher than 0) in their right or left proximal growth plates was 55% for FHN and 92% for THN in Study 1 and 45% for FHN and 99% for THN in Study 2.
Region and Age Effect on Leg Surface Temperatures
The effect of leg region and age on leg IRT surface temperatures and BCO severities was determined (Table 4) . On day 56 in Study 1 and days 8, 40, and 55 in Study 2, IRT surface temperatures of the hock and shank were similar and higher (P = 0.0001) than foot surface temperatures. On day 7 through day 38 in Study 1 and days 6, 27, and 29 in Study 2, leg region IRT surface temperatures decreased (P = 0.00001) as the leg region became more distal. For all ages measured in both studies, foot IRT surface temperatures were the lowest compared to the hock and shank. For example, the delta difference between hock and foot IRT surface temperatures were the following: -3.7
• C, -5.4
• C, -3.9
• C, -2.4
• C, -2.6
• C, and -1.7
• C on days 7, 9, 28, 30, 38, and 56, respectively, in Study 1 and -2.5
• C, and -1.2
• C on days 6, 8, 27, 29, 40, and 55, respectively, in Study 2 (Table 4) . Except for hock IRT surface temperatures in Study 1, leg region surface temperatures generally increased with age. In Study 1, IRT surface temperatures were the lowest for the shank (P = 0.001) and foot (P = 0.0001) on day 9 compared to other ages. In Study 2 hock, shank, and foot surface temperatures were the lowest (P = 0.0001) on day 27 compared to other ages.
Age Effect on BCO Lesion Severity The effect of age (4, 5, and 6 wk) on FHN, THN, and Total N BCO lesion severities is shown in Figure 2 . The severity of FHN, THN, and Total N increased (P < 0.05) between day 30 and days 57 to 58 in Study 1 and between day 29 and days 56 to 57 in Study 2 (Figure 2 ). Total N lesion severity was 2.3, 3.0, and 5.5 for days 30, 38, and 57 to 58, respectively, for Study 1 and 2.1, 5.1, and 5.8 for days 29, 40, and 55 to 56, respectively, for Study 2. 1 Light intensities in all pens were 20 lux from day 0 to 7 (day 6 in study 2) and changed to 2, 5, or 10 lux from day 8 (day 7 in study 2) until the end of the trial.
2 Flooring treatments were litter in all pens until day 29 in Study 1 and day 28 in Study 2 when half of the population from each litter pen (N = 6 pens) was moved to a wire flooring pen (N = 6 pens; 50 birds per pen) with the same light intensity as the corresponding source litter pen. 
IRT Surface Temperature and BCO Lesion Severity Regressions
Linear regression R-squared (R 2 ), slope, and 95% confidence intervals of the slope between leg IRT surface temperatures and BCO lesion severity for (A) sound broilers on litter flooring, (B) sound broilers on wire flooring, and (C) broilers that became lame on wire flooring are shown in Table 5 . In both studies, the most prominent IRT and BCO linear relationships were found in the sound broilers on litter. Except for THN in Study 2, the linear regressions for the hock, shank, and foot IRT surface temperatures increased as the severity of FHN and THN increased for sound broilers on litter. Foot IRT surface temperatures accounted for 24.4% of the variation in FHN and 16.2% for THN in Study 1 and 22.5% for FHN and 0.7% for THN in Study 2. For sound broilers on litter, we could expect foot IRT surface temperature to increase 0.63
• C for every increase in FHN severity score, and 0.73
• C for every increase in THN severity score in Study 1 (P < 0.0001). In Study 2, shank IRT surface temperature accounted for the most variation in BCO severity scores of sound broilers on litter (24.8%) and we could expect shank IRT surface temperature to increase 0.28 • C for every increase in FHN severity score (P < 0.001). There were no significant linear regressions for sound broilers on wire flooring in Study 1. However in Study 2, hock and shank IRT surface temperatures accounted for 10.9 and 9.6% of the variation in FHN severity, respectively, and we could expect hock and shank IRT surface temperatures to increase 0.11 and 0.13
• C for every increase in FHN severity score (P = 0.002), respectively. There was only 1 significant negative linear regression for lame broilers on wire that accounted for 4.9% of the variation in THN and we could expect hock IRT surface temperature to decrease 0.10
• C for every increase in THN severity score. While the linear regression models to predict IRT and BCO relationships were statistically significant, regression Table 4 . Effect of leg region and age on mean right and left hock, shank, and foot surface temperatures (
• C) at 1, 4, 5, and 8 wk in broiler chickens in pens with light intensities of 2, 5, or 10 lux and on litter or wire flooring in 2 studies (N = 6 pens for day 6 through 28; N = 12 pens for days 27 through 56). 1 Mean surface temperatures of the right and left hock, shank, and foot were estimated by isolating pixels representing leg regions within images taken with an infrared thermography (IRT) camera.
2 Light intensities in all pens were 20 lux from days 0 to 7 in Study 1 and day 6 in Study 2 and changed to 2, 5, or 10 lux from day 8 in Study 1 and day 7 in Study 2 until the end of the trial. Flooring treatments were litter in all pens until day 29 in Study 1 and day 28 in Study 2 when half of the population from each litter pen (N = 6 pens) was moved to a wire flooring pen (N = 6 pens; 50 birds per pen) with the same light intensity as the corresponding source litter pen.
a-c Means not sharing the same superscript letter across each row are different, P < 0.05. w-z Means not sharing the same superscript letter across each column are different, P < 0.05. models explained 30% or less of the variation in BCO lesion severities in the proximal femoral and tibial heads in both studies.
Lameness Data
Light Intensity and Flooring Effects on Lameness No broilers on litter flooring developed lameness. Thus, more broilers became lame on wire flooring (P < 0.0001). The total proportion of broilers that became lame on wire flooring was 52% in Study 1 and 14% in Study 2 (Figure 3) . There was an effect of light intensity, albeit minor, on the incidence of lameness in Study 1 where a higher (P < 0.05) proportion of broilers at 10 lux became lame compared to those with 2 or 5 lux from days 35 to 38 (Figure 3a) . However, this difference was no longer apparent by day 39, and there were no light intensity differences in the percentage of broilers that became lame throughout the rest of Study 1. There was no effect of light intensity on the proportion of broilers that became lame in Study 2 (Figure 3b ). Figure 4 shows BCO lesion severities for FHN, THN, and Total N in sound and lame broilers. As expected, lame broilers had more severe FHN, THN, and Total N compared to sound in both studies (P < 0.05). Compared to sound broilers, those that became lame had 200%, 61%, and 113% more severe FHN, THN, and Total N, respectively, in Study 1 and 42%, 16%, and 27%, respectively, in Study 2.
Lameness and BCO Lesion Severity
Lameness and IRT Leg Surface Temperatures The comparison of IRT leg surface temperatures in sound and lame broilers is shown in Figure 5 . In both studies, IRT surface temperatures of the hock, shank, and foot were consistently lower in broilers that became lame compared to sound broilers (P < 0.0001). For example, respective delta hock, shank, and foot surface temperatures of lame broilers were -3.1, -2.7, and -6.2
• C compared to sound broilers in Study 1 (Figure 5a ) and -2.2, -3.7, and -3.1
• C in Study 2 (Figure 5b ). The data for IRT leg surface temperatures were compared within broiler health status (exclusive to sound or to lame) within each leg region to determine location differences. In both studies, IRT foot surface temperatures were lower (P < 0.05) than hock and shank IRT surface temperatures by 0.8
• C for sound broilers and 4.1 • C for lame broilers in Study 1 (Figure 5a ) and by 1.3
• C for sound broilers and 1.5
• C for lame broilers in Study 2 (Figure 5b) . 
DISCUSSION
There are many applications for IRT surface temperature measurements in biological research. Body surface temperatures may be affected by blood vessel location, malaise, biorhythm, age, stress, environment, and seasonality (Loughmiller et al., 2001) . Infrared thermography has been utilized in livestock lameness research to detect inflammation in the legs of horses (Turner, 1991; Eddy et al., 2001; Douthit et al., 2014) , foot lesions in dairy cattle (Nikkhah et al., 2005; Stokes et al., 2012; Oikonomou et al., 2014) , and the legs of swine (Amezcua et al., 2014) . In chickens, IRT has been used to evaluate foot pad dermatitis experimentally induced via Staphylococcus aureus injection into the footpad of laying hens (Wilcox et al., 2009 ) and in commercial broiler flocks (Jacob et al., 2016) . The present studies examined the environmental effects of 3 light intensities (2, 5, and 10 lux) and 2 flooring types (litter and wire) on IRT surface temperatures of the hocks, shanks, and feet of broiler chickens with and without BCO in the growth plates of FHN and THN heads. Leg IRT surface temperatures from IRT images taken pre-mortem were compared to FHN and THN lesion severity scored postmortem in both clinically healthy (sound) and clinically lame broilers. The data collected allowed the determination of relationships between BCO and IRT leg surface temperatures. The current studies are the first to use IRT to evaluate lameness attributed to an infection of the leg bones in chickens.
We expected the BW of clinically healthy, sound broilers raised on wire flooring to be lower compared to those on litter flooring as this has been reported by Gilley and colleagues (2014) . In Study 1, sound broilers on litter weighed more on days 38 and 57 to 58 than sound broilers on wire flooring, and there was no effect Table 5 . Linear regression coefficient (R2), slope, and 95% confidence interval values of the slopes of mean right and left hock, shank surface temperatures (
• C), and BCO lesion severities for FHN, THN, and Total N at 4 to 8 wk in pens provided 2, 5, or 10 lux light intensity for (A) sound broilers in pens with litter flooring, (B) sound broilers in pens with wire flooring, and (C) lame broilers in pens with wire flooring in 2 studies. of light intensity or flooring on BW in Study 2. Broilers in Study 2 weighed 17% less at 1 wk, 15% less at 4 wk, 5% more at 5 wk, and 2% less at 8 wk than broilers in Study 1 (calculated from Table 1 ). The absence of any treatment effects in Study 2 may be due to the lower BW at 4 wk (when the wire flooring treatment was applied) than in Study 1. Fast growth is reported as a major precursor to lameness attributable to BCO (Wideman, , 2016 . Body weights in Study 2 were over 10% lower than BW in Study 1 until 5 wk when BW was similar between the 2 studies. This may also explain why the wire floor treatment imposed greater lameness incidence in Study 1 (discussed later). We did not record BW of chicks at placement and future studies should record day-of-hatch BW. It is also possible that the reduced stocking density due to culling allowed the opportunity for increased growth in lower density pens. Male broilers grown at lower stocking densities have been reported to have higher BW compared to those grown at higher stocking densities (Puron et al., 1995; Feddes et al., 2002; Dozier et al., 2005; Abudabos et al., 2013) while others have found no differences (Bolton et al., 1972; Buijs et al., 2009 We expected that sound broilers on wire would have more subclinical evidence of BCO than sound broilers on litter. For light intensity treatment differences, we expected higher light intensity to increase BCO lesion severities and lameness incidence for broilers on wire. However, there were minimal effects of light intensity and there was no effect of flooring on FHN and THN severity. Others have found that light intensity affects bird activity (Newberry et al., 1988; Alvino et al., 2009; Deep et al., 2012; Rault et al., 2017) and walking ability (Blatchford et al., 2012) , while others have not (Kristensen et al., 2006; Deep et al., 2013) . The difference in light intensities may have been too small to influence lameness incidence.
We have identified two possible explanations for the lack of a clear effect of light intensity and flooring treatments on leg IRT surface temperatures, FHN, and THN. First, the 5 clinically healthy broilers were randomly selected after being visually scored on a binomial GS scale but this was not recorded. The experiment was designed to compare 2 categories of broilers: clinically healthy (sound) and clinically lame broilers. A limitation of the data collected in our studies was that we could not explore the relationship between FHN and THN lesion severities or IRT leg surface temperatures with the severity of gait defects with the GS scale we used to evaluate walking ability. However, we would like to note that in field settings gait scoring provides a subjective index of overall flock health but cannot delineate the etiology behind the defects detected in an individual's gait (Gentle, 2011) . Second, the hock, shank, and foot regions measured in IRT images are anatomically distal to the location of the proximal femoral and tibial head growth plates. However, it is not possible to measure IRT surface temperature of the legs directly superior to the internal sites of FHN (coxofemoral/hip joint) and THN (stifle/knee joint) lesion sites because of feather coverage above the hock. Thus, the IRT surface temperatures captured the response of the integumentary vasculature distal to the BCO infection sites.
An unexpected result was the high proportion of clinically healthy, sound broilers that had subclinical FHN and THN, independent of light and flooring treatments. The proportion of sound broilers from litter and wire flooring pens with subclinical signs of BCO in their right or left proximal growth plates was over 45% for FHN and 92% for THN in both studies. Previous research has also reported FHN and THN BCO lesions in clinically healthy broilers raised on litter flooring (Wideman and Pevzner 2012, 2015) , and we suspect that BCO in the femur (FHN) may contribute more to the onset of clinical lameness than BCO in the tibia (THN).
We hypothesized that the heat generated from BCOinduced inflammation would increase leg skin temperature (Richards, 1971) . Linear regressions revealed that this was most evident in sound broilers on litter. Linear regressions revealed a positive relationship between IRT leg surface temperatures of sound broilers on litter with subclinical FHN and THN. This relationship has also been reported in studies evaluating infectious types of lameness in other species such as digital dermatitis (Stokes et al., 2012; Oikonomou et al., 2014) , and laminitis in swine (Amezcua et al., 2014) , dairy cattle (Nikkhah et al., 2005) , and horses (Turner, 1991; Eddy, 2001 ). IRT surface temperatures were measured for the 3 leg regions on clinically healthy broilers at several ages. IRT leg surface temperatures and FHN and THN lesion severities tended to increase with age in both studies. IRT leg surface temperatures were the lowest for the shank and foot on day 9 in Study 1 and were lowest for the hock, shank, and foot on day 27 in Study 2. Furthermore, the most extreme difference between hock and foot surface temperatures also occurred on these days with deltas of -5.4
• C on day 9 in Study 1 and -4.2
• C on day 27 in Study 2. Results are the average of the birds in each pen and IRT images may have captured the heat from inflammation on some individuals, increasing the overall pen average. It is interesting that these differences occurred when the birds were on litter and may be partially explained by the differences in BW and growth rate discussed previously.
In both studies, IRT surface temperatures decreased as the region became more distal from the BCO infection site. The delta differences in IRT surface temperatures between the hock and foot were negative. Possible blood flow changes in our studies may be explained by ischemia and occlusion of the blood supply to the legs leading to lameness (Wideman et al., 2015; Wideman, 2016) . Pressure decreases and the force of gravity increases on the arterial blood supply as blood travels further from the heart. The ischiadic artery is the major blood supply to the leg in avian species (Dzialowski and Crossley, 2015) . It curves around the proximal femoral head, at the coxofemoral joint, and proceeds to the knee, where the medial tibial artery forms an anastomosis with the femoral artery. Sitting behavior may create a pinch point at these 2 arterial locations, resulting in additional ischemia of arterial blood supply to the legs (Wideman, 2016) . Thus, the blood supply to the feet is the most sensitive to changes in blood flow upstream. Future studies should measure blood flow and/or blood oxygenation to determine if this is the case. BCO lameness incidence can be affected by diet, age, genetics, and stress Wideman et al., , 2013 . Male broilers are more susceptible to BCO, likely because they are heavier than females (Wideman et al., 2013) . The birds utilized in the present studies were byproduct males from unknown genetic lines. Stress-mediated immunosuppression contributes to the pathogenesis of BCO Wideman et al., 2013) , and it is possible the chicks obtained in Study 1 were from genetic lines that were more susceptible to stress and BCO lameness than in Study 2. No birds raised on litter flooring became lame. This was not unexpected as BCO incidence in commercial flocks is low, about 1%, and birds with BCO in a commercial flock may not be observed walking until they are found dead (McNamee and Smyth, 2000; Wideman et al., 2014). The wire flooring challenge was necessary to induce BCO and increase lameness incidence of BCO in a small, experimental environment without purposefully exposing the birds to pathogenic bacteria to generate an appropriate power to detect statistical differences.
As expected, lame broilers had more severe FHN, THN, and Total N compared to sound broilers. This is consistent with our hypothesis that IRT surface temperatures of the legs can be an indicator of lameness. However, 38% more birds became lame on wire flooring in Study 1 compared to Study 2, and this difference may be further explained by the severity of macroscopic BCO lesions in the cumulative lame broilers being 200%, 61%, and 113% more severe for FHN, THN, and Total N, respectively, compared to sound broilers in Study 1 vs. 42%, 16%, and 27% in Study 2. The large difference in lameness incidence between replicated experiments cannot be explained by the measures taken in the present studies and differences may be associated with chick quality, chick weight, chick health, season (Study 1 was conducted in the fall/winter and Study 2 was conducted in the spring/summer) or the bacterial communities present in the air, water, or feed.
We did find moderate linear relationships between pre-mortem leg IRT surface temperatures and postmortem FHN and THN severity in sound broilers on litter and wire but found almost none in birds that became lame on wire. Lame broilers also had the most severe BCO lesions, and the only significant linear relationship was between THN severity and hock IRT surface temperature in Study 2, which was negative. One study found negative correlations between FPD lesion severity and IRT surface temperature of the center of the foot pad lesion in individual birds (Jacob et al., 2016) . The authors concluded that the decrease in foot IRT surface temperature could be explained by hyperkeratinosis or necrosis of the foot pad. Perhaps IRT evaluation of BCO in broilers should characterize early pathogenesis as the increase in leg surface temperatures, and clinical onset (lameness) of BCO should be characterized as the decrease in leg surface temperatures. The results from the study stress on the importance of health status when interpreting results.
CONCLUSIONS
Lame broilers had more severe BCO lesions in the proximal femora and tibiae and lower IRT surface temperatures of the hock, shank, and foot leg regions. There were inconsistent effects of light intensity and flooring on leg health, as measured by FHN and THN lesion severities and lameness incidence attributed to BCO. Lameness incidence for broilers on wire flooring was over 3-fold higher in Study 1 than Study 2 and the measures in this study could not explain these differences. Due to the spontaneous nature of BCO lameness incidence, more research is warranted to elucidate predisposing factors leading to BCO lameness. These results indicate that IRT is more accurate at identifying the increased leg skin surface temperature of subclinical BCO lesions than the decreased skin surface temperature of clinical BCO lesions and may provide a tool for intervention or breeding strategies to reduce BCO lameness incidence in broiler chickens.
